Correlations among grain sorghum quality factors (proximate composition, physical properties, and water absorption properties) were evaluated. Samples of 46 commercial hybrids (24 and 22 from crop years 1993 and 1994) were analyzed for starch, protein, crude free fat, test weight, absolute density, 1,000 kernel weight, percent kernel abraded, water absorption index, initial water absorption rate, and moisture saturation point. Test weight, absolute density, and percent kernel abraded were positively correlated among themselves (r > 0.5). Protein was negatively correlated with both test weight and absolute density (r < -0.5), while moisture 4 Corresponding author.
Grain sorghum (Sorghum bicolor L. Moench) is an important crop in semiarid regions because of its drought resistance (Watson 1970) . Lately, there has been increased interest in sorghum with respect to its potential for starch production because its wet-milling process is similar to that of corn (Subramanian et al 1994) . There is also interest in the utilization of sorghum by-products such as surface wax and kafirin, the alcohol-soluble (prolamin) protein fraction.
In contrast to rice and wheat, consumption of sorghum as a staple food in arid regions of Africa and Asia is so diverse that no single criterion of quality can be identified. This has hindered progress of plant breeders in selecting agronomically improved sorghum hybrids with acceptable grain quality (Cagampang and Kirleis 1984) . Subramanian and J ambunathan (1981) established relationships among physicochemical characteristics of 45 sorghum hybrids. The 100 grain weight associated negatively with protein and positively with amylose content. Protein content showed a strong negative correlation with starch and water-soluble amylose contents in the grain and was positively related to water-soluble protein and ash contents. Starch content was positively associated with water-soluble amylose. Soluble sugars correlated positively with protein and negatively with amylose. Cagampang and Kirleis (1984) used selected physical and chemical measurements to determine grain quality of 15 sorghum hybrids differing widely in degree of hardness and vitreousness. Results of adhesion test, back-extrusion test, alkali gel stiffness test, and weight ratio of cooked to uncooked grain were strongly correlated with grain vitreousness. Fat, ash, total sugars, and water-soluble proteins were negatively correlated with hardness, whereas kafirin and amylose contents were positively correlated with vitreousness. Maxson et al (1971) studied 11 sorghum varieties of diverse genetic background with regard to the effect of milling time and physical properties of the grain on dry-milling performance. Endosperm texture (relative proportions of corneous to floury) was the property most highly correlated with milling yield. Density and hardness correlated inversely with milling yield. Endosperm texture was negatively correlated with hardness, test weight and density. saturation point showed negative correlations with test weight, absolute density, 1,000 kernel weight, and percent kernel abraded (r < -0.4). Principal component factor analysis through the covariance matrix explained 95% of the total variation of quality factors among hybrids (two factors), and, through the correlation matrix, 85% of the total variation (five factors). Water absorption rate decreased with increasing starch content of grain sorghum kernels as water absorption rate increased and amount of water for saturation decreased with softening of kernels. Munck et al (1981) focused on correlations between chemical components and kernel parameters associated with dry-milling characteristics, such as Vickers' hardness, number of dehullings to 75% yield, percent soft endosperm, percent kernels of more than 40% softness, kernel size, and form factor. Vickers' hardness and number of dehullings to 75% yield were positively correlated with starch content and negatively correlated with fiber, fat, and ash, indicating a greater precision in the separation of botanical parts when the seed was harder. Percent soft endosperm and percent seeds with >40% softness followed the same pattern, but with opposite signs.
The objective of this study was to increase the understanding of relationships among grain sorghum quality factors (proximate composition, physical properties, and water absorption properties) by studying hybrids typically grown in Nebraska and Kansas of the midwestern United States, specifically properties of grain sorghum related to water uptake were of interest as they relate to wet-milling. Factors analyzed included protein, crude free fat, starch, test weight, kernel density, kernel hardness, 1,000 kernel weight (TKW), water absorption index (WAI), initial water absorption rate (IWAR), and moisture saturation point (MSP).
MATERIALS AND METHODS

Grain Sorghum Samples
During the 1993 crop year, 24 grain sorghum commercial hybrids were grown in and harvested from a test plot in Gage County, NE. From the same location, 22 sorghum hybrids were harvested in 1994, creating a total of 46 hybrids. Rainfall and average air temperature during the 183-day growing season ending on September 30, 1993, were 157% of normal and o.rc less than normal, respectively. In contrast, the 1994 rainfall and temperature were 110% of normal and 0.6°C greater than normal, respectively (High Plains Climate Center, University of Nebraska, personal communication 1997).
The hybrids were considered representative of sorghums commonly grown in the Nebraska and Kansas. In this regard, genetic diversity of sample set was limited. To limit effects of hot-air drying and mechanical harvesting on grain properties, sorghum was harvested by hand, air-dried (ambient, 20-25°C) to 13-14% (wb) moisture content and then threshed in a laboratory thresher. Threshed grain was cleaned over a 6.35-mm screen in a dockage tester (Carter-Day, CEA, Minneapolis, MN) and stored at 4°C until needed for chemical analysis or physical testing.
Moisture Content
The ASAE moisture measurement method S352.2 for unground grain and seeds (ASAE 1992) was used to determine moisture content of whole grain. Chemical composition values were adjusted to percent dry basis (% db) according to moisture content results. Physical properties were not adjusted for moisture, which would have required development of individual equations. Nevertheless, sorghum from both harvesting seasons had nearly identical average moisture values following drying: 13.95 ± 0.33% and 13.80 ± 0.43% for the years 1993 and 1994, respectively, which practically eliminated any possible significant difference between years due to moisture content.
Proximate Analysis
Starch content was determined in triplicate according to the Approved Method 76-12 (AACC 1995). Protein content was determined in duplicate by the Com Refiners Association macro-Kjeldahl method A-18 (CRA 1986) using the Tecator Kjeltec System (Tecator, Hoganas, Sweden). Nitrogen conversion factor was 6.25. Crude free fat was measured in duplicate according to AOAC method 922.05 (AOAC 1984) .
Physical Properties
Test weight, a measure of grain bulk density, was determined according to the USDA Federal Grain Inspection Service method (FGIS 1988) using a grain analysis computer (IT, Dickey-john Corp., Auburn, IL). Three readings were obtained per hybrid and averaged. Values were converted from lblbu to kglm 3 • Absolute kernel density (density) was determined according to the air-comparison pycnometer method described by Thompson and Isaacs (1967) . Sorghum grain (20 g) was weighed to ±0.001 g. Volume was measured with a multi-volume pycnometer (1305, Micromeritics, Norcross, GA). One sample was taken per hybrid, and its volume measured in quintuplicate. Absolute density was computed as the ratio between exact sample weight and mean volume.
The TKW, a relative measure of grain size, was determined for each sample by weighing 100 randomly selected, unbroken kernels to within 0.01 g and multiplying the result by 10. Three replicates per hybrid were obtained.
Grain hardness was determined by using the tangential abrasive dehulling device (TADD) model 4e-220, Venables Machine Works Ltd., Saskatoon, SK, Canada) as described by and Oomah et al (1981) . Grain sorghum samples of 40 ± 0.1 g were placed in cups of the TADD and abraded for 4 min. Hardness was then characterized by the percent abraded (%A) as:
Three readings were taken per hybrid and averaged.
Water Absorption Properties
Water absorption properties were measured according to three different criteria: WAI, IWAR, and MSP. Hsu et al (1983) nally defined the corresponding methodologies for soybean, while Dorsey-Redding et al (1991) adapted them for com. For applying these parameters to grain sorghum, it was necessary to redefine water-soaking times according to differences in kernel size and shape. Thus, a moisture absorption curve was obtained for two hybrids: DeKalb 48 and Asgrow A504 (1993 crop year). Twelve beakers per hybrid, each one containing 10 ± 0.05 g of grain and 200 mL of distilled water, were placed in a waterbath at 50°C. This temperature, instead of 30°C used by Hsu et al (1983) and Dorsey-Redding et al (1991) , was chosen with the purpose of subsequently studying relationships between grain quality factors and wet-milling characteristics of grain sorghum (steeping temperature for grain sorghum wet-milling was 50°C). Beakers were removed from the waterbath after 0.25, 0.50, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 7, 13, and 20 hr. Kernel surfaces were blotted dry and fractional weight increases were measured as the relationship between final and initial sample weights. Figure 1 depicts the two moisture absorption curves obtained. Expectedly, they were saturation curves with a rapid, nearly linear water absorption during the first hour, a saturation point at =7-8 hr and a middle, average point (point of =50% saturation at =2 hr). Water absorption properties were defined and measured, modifying the original procedure by Hsu et al (1983) .
WAI is a measure of the amount of water absorbed by kernels in a 2-hr period. In this test, 10 ± 0.05 g of sorghum grain were placed in a beaker containing 200 mL of distilled water, which, in tum, was placed in a 50°C waterbath. After 2 hr, kernel surfaces were blotted dry and fractional weight increases were measured as previously indicated. Two replicates per sample were obtained.
IW AR is the gain in moisture content over the first hour of steeping. In this method, fractional weight increase was measured after 0.25,0.50,0.75 and 1 hr of steeping 10 ± 0.05 g of grain in a beaker containing 200 mL of distilled water, which, in tum, was placed in a 50°C waterbath. IWAR was estimated by the corresponding slope of the gain in moisture content versus time linear curve. One assay was performed per hybrid. Total regression coefficients were highly significant for the linear character of plotted data ranging between 0.92 and 0.99. All curves showed a positive y-intercept value, indicating that an instantaneous water intake (time 0) at the pericarp level occurred as previously reported for wheat (Chung et al 1961) and for com and sorghum (Fan et al 1962) kernels.
MSP is the maximum amount of moisture that grain can absorb before its seed coat ruptures as compared to the initial weight of the grain. It was calculated by measuring the fractional weight increase after steeping 10 ± 0.05 g of grain for 7 and 8 hr at 50°C and averaging these two values. One assay was performed per hybrid. ns ns ns -0.60** -0.65** -0.45** -0.62** ns ns a ns = not significant; * = significant at 0.05 level; ** = significant at 0.01 level.
b TKW = 1,000 kernel weight, %A = percent kernel abraded, WAI = water absorption index, IWAR = initial water absorption rate, and MSP = moisture saturation point. (r) characterize the influence of each quality factor in the corresponding rotated factor. Bold entries are the most significant coefficients. b Factors 1 and 2 are endosperm matrix protein composition and endosperm starch factor, respectively. C TKW = 1,000 kernel weight, %A = percent kernel abraded, WAI = water absorption index, IWAR = initial water absorption rate, and MSP = moisture saturation point.
Statistical Analysis
The Statistical Analysis System (SAS Institute, Cary, NC» was used to analyze collected data. Means, standard deviations, ranges, and coefficients of variation were computed with SAS Proc Means. Simple correlation coefficients (r) among all quality factors were computed with SAS Proc Corr. Two principal component factor analyses (Johnson and Wichern 1992) with varimax rotation were performed by using SAS Proc Factor. One analysis used the covariance matrix and the other used the correlation matrix.
RESULTS AND DISCUSSION
Based on the statistics for the quality factors (Table I) , the sorghum hybrids evaluated were characterized as producing mediumsized, moderately dense kernels with soft endosperm, intermediate-to-low protein content, and high starch content. All of the factors, except for protein content, fell into the corresponding ranges previously reported by Maxson et al (1971) , Jambunathan (1981), and Serna-Saldivar and Rooney (1995) . Mean protein content in this study was at least 10-15% lower than the values reported by Maxson et al (1971), and Serna-Saldivar and Rooney (1995) , most likely due to differences in growing conditions and genetics.
Among proximal composition factors, protein and fat had wider variability than starch. Test weight and absolute density values were quite close among hybrids, whereas TKW and %A had high 102 CEREAL CHEMISTRY a Factors 1-5 represent matrix compactness, matrix protein content, osmotic potential, water absorption index, and crude free fat factor, respectively. b Correlation coefficients (r) characterize the influence of each quality factor in the corresponding rotated factor. Bold entries are the most significant coefficients within each factor. C TKW = 1,000 kernel weight, %A = percent kernel abraded, WAI = water absorption index, IWAR = initial water absorption rate, and MSP = moisture saturation point. coefficients of variation. High variation in TKW may be partly due to the small sample size (2.5-3.5 g ·vs. 20 g for density). MSP had a much smaller variability than both WAI and IWAR. IWAR had the highest dispersion among factors. Table II shows correlation coefficients (r) for the quality factors studied. Test weight and absolute density were expectedly highly correlated, even with a higher coefficient (r = 0.86) than the one reported for maize by Dorsey-Redding et al (1991) . This was attributed to differences in kernel shape between grain sorghum and com. Sorghum, being a rounded, nearly spherical kernel, is able to arrange in a more packed fashion, leaving less void volume. Thus, differences between bulk density and absolute density are smaller for sorghum than for com. Both test weight and absolute density were positively correlated with %A (r = 0.52 and r = 0.62, respectively) indicating that the denser the kernel, the softer it was.
Protein was highly negatively correlated with test weight and absolute density (r = -0.53 for both factors). It seemed that the denser the kernel, the lower the protein content. In other words, a higher density did not mean more protein was present in the protein matrix. Starch is more dense than protein (Hoseney 1994 ) and under good growing conditions (e.g., the abundant moisture and near-normal temperatures of 1993 and 1994), more starch is deposited in kernels than protein (Bewley and Black 1985) , thereby increasing kernel density but decreasing protein content.
An inverse relationship between test weight and protein was previously reported by Deyoe (1975) in regard to the utilization of sorghum grain as animal feed. In fact, Deyoe (1975) challenged the relevance of test weight as a decisive parameter of quality, as presently used in the U.S. Standards.
TKW was moderately correlated with density (r = 0.34) and %A (r = 0.32). Apparently, heavy kernels were denser and softer than light kernels. However, further verification is needed with respect to this statement due to relatively low r-values. Analysis of measurements for hybrids having more variability in density, kernel size, starch content, protein content, and kernel hardness would be appropriate.
MSP was negatively correlated with test weight (r = -0.60), absolute density (r = -0.65), %A (r = -0.62), and TKW (r = -0.45).
According to these results, the denser and softer the kernel, the lower the MSP (the lower the amount of water needed to be absorbed to reach the saturation point). A reasonable explanation for the negative correlation between TKW and MSP is that a heavier kernel has a lower porosity than a lighter kernel, therefore water absorption is less and the MSP decreases. However, no significant correlations were observed between WAI or IWAR and TKW, test weight, or density, as could have been the case following analogous reasoning. Actually, no significant linear correlation existed among the three water absorption parameters.
Two correlations of IWAR, a positive one with fat (r = 0.32), and a highly negative one with starch (r = -0.58), were not easily explainable. Speculatively, since starch is water-insoluble and of large molecular weight, a higher amount of starch could have resulted in a lower driving force (from an osmotic and water availability standpoint) for water uptake, thus leading to a lower IW AR.
Negative correlations of protein with TKW and starch in the study of Subramanian and lambunathan (1981) were not observed here. Most likely, this was due to genetic differences in tested sorghum samples.
Principal Component Factor Analysis
Results of principal components analysis through the covariance matrix are shown in Table III . Two factors, derived from the orthogonal transformation of the matrix, explained 95% of the variation according to eigenvalues (Factor 1, 84%; Factor 2, 11 %). Factor 1, which was called endosperm matrix protein composition factor, was influenced positively by test weight, density, and %A, and influenced negatively by protein and MSP. This factor was identical to the above analysis: the denser and softer the kernel, the lower the protein content and MSP. Factor 2, which was called water absorption factor, was influenced positively by %A and IWAR, and influenced negatively by starch and MSP. These trends also were observed in Table II and indicate that softer kernels absorb water faster and require less water than harder kernels to reach a saturation point. Table IV gives the results of principal components analysis through the correlation matrix. Five factors, derived from the orthogonal transformation of the matrix, were retained to explain 85% of the variation according to eigenvalues (Factor 1, 35%; Factor 2, 18%; Factor 3, 12%; Factor 4, 11%; Factor 5, 9%). Factor 1, which was called matrix compactness factor, was influenced positively by TKW, absolute density, test weight, and %A, and influenced negatively by MSP. This followed the statements already inferred from Table II . Factor 2, which was called matrix protein content factor, was influenced positively by protein, and influenced negatively by density and test weight. It also was explained through the trend derived from Table II . Factor 3, which was called water potential factor, was influenced positively by starch and influenced negatively by IWAR. Presence of greater starch within a kernel may slow absorption as water may be differentially absorbed by the various compounds within the kernel. For Factor 4, the sole influence was WAI. The sole influence in Factor 5 was crude free fat.
Implications
Inverse relationships of protein content with both test weight and absolute density found in this study confirmed previous data reported by Deyoe (1975) regarding utilization of grain sorghum as animal feed. As mentioned, Deyoe (1975) challenged the relevance of test weight as a parameter of quality (USDA 1970) because of the fact that only small differences existed between the feeding value of high and low test weight sorghum. Lack of test weight correlation with starch and crude free fat and only a moderate correlation with protein in this study seemed to support this statement. Freeman (1973) and Dorsey-Redding et al (1991) similarly concluded that test weight was a poor indicator of quality in maize.
Principal component factor analysis reinforced the relationships among quality factors derived from the correlation matrix, since the components with the highest eigenvalues (i.e., those that explained most of the variation associated with the sample set analyzed) closely followed the trends initially derived using simple correlation coefficients. Primary among the relationships were the apparent decreasing water absorption rate with increasing starch content of grain sorghum kernels, and the apparent increased water absorption rate and decreased amount of water for saturation for soft kernels. Steeping times in wet-milling would be influenced by both relationships and would require adjustment to maintain economic starch recovery. However, interaction of starch content of kernels with water absorption rate and kernel hardness needs to be better understood before recommendations can be made relative to wet-milling procedures.
